[1] Laboratory experiments of granular shear deformation demonstrate that loading conditions and grain characteristics can significantly affect the macroscopic friction of a granular material under shear. We have examined the variation of maximum sliding friction with normal stress and grain shape using a version of the distinct element method (DEM) that includes bonds between adjacent particles. In this way, arbitrarily shaped grains can be generated to reproduce more realistic fault gouge with a range of grain sizes and shapes. Two types of grains were designed to represent quartz gouge: rounded grains composed of seven close-packed particles and triangular grains composed of six close-packed particles. DEM experiments were conducted by shearing granular assemblages with different grain shape distributions using the identical boundary configurations (i.e., wall surface roughness) over a range of normal stresses from 5 to 100 MPa and were compared to equivalent experiments using reference circular particle assemblages. The results show an inverse power law relationship between normal stress and maximum sliding friction in all cases, where both its coefficient and exponent are dependent on gouge angularity. Under normal stress over 20 MPa, triangular grain assemblages exhibited the highest frictional strength and also the highest abundance of rotating grains, demonstrating that enhanced grain rolling alone does not explain the low frictional strength of simulated granular assemblages. 
Introduction
[2] Frictional sliding of brittle shear zones at shallow depth is commonly accompanied by production, accumulation, and evolution of noncohesive wear detritus with angular forms called fault gouge. It has long been recognized that the presence of fault gouge has significant effects on the mechanical behavior of fault zones [Byerlee, 1967; Byerlee and Summers, 1976; Scholz et al., 1972] , and the stability of natural faults [Scholz et al., 1969; Marone and Scholz, 1988] . Therefore a full understanding of fault strength, dynamic behavior, and earthquake mechanisms requires a complete knowledge of the frictional properties of fault gouge under a wide range of conditions.
[3] A considerable body of experimental work has been carried out to identify the effects of a variety of gouge materials on frictional behavior of fault zones under various experimental conditions. Early work was focused on the effects of gouge on base level rock friction, as the production of gouge during slip of initially bare rock surfaces was found to result in a decrease in frictional resistance [e.g., Byerlee, 1967; Scholz et al., 1972] . Studies on gouge rock friction [Engelder et al., 1975; Byerlee et al., 1978; Logan et al., 1979; Moore et al., 1988; Tullis et al., 1989] indicated that the accumulation of gouge, and development of shear localization features within gouge, may influence fault constitutive behavior and stability of sliding. Further studies [Dieterich, 1979; Ruina, 1983; Rice and Ruina, 1983; Chester and Higgs, 1992; Reinen et al., 1994; Perrin et al., 1995] demonstrated that second-order variations in friction of simulated fault zones can be described by several constitutive laws in terms of slip rate and state of the frictional shear zone. The Dieterich-Ruina rate/state constitutive law, currently in best agreement with experimental results [Beeler et al., 1994; Nakatani, 2001] , provides the basis for predicting the frictional response to a change in slip rate (i.e., velocity strengthening and velocity weakening).
[4] To validate and constrain the constitutive laws for frictional evolution under a wide range of conditions, laboratory experiments investigating the effects of variations in extrinsic factors on the frictional strength of simulated fault gouge have been carried out. These factors include normal load [Linker and Dieterich, 1992; Richardson and Marone, 1999] , shear load [Nakatani and Mochizuki, 1996; Nakatani, 1998; Karner and Marone, 1998; Olsen et al., 1998 ], loading velocity [Mair and Marone, 1999] , normal stress (s n ) vibrations [Richardson and Marone, 1999] , shear load perturbations [Karner and Marone, 2001] , shear displacement [Beeler et al., 1996] , and hydrothermal conditions [Karner et al., 1997] . These studies have led to empirical descriptions of friction in terms of the various extrinsic factors. Nonetheless, none of existing friction laws can completely describe the observed frictional behavior of fault gouge, due in part to the complexity and evolution of the topography of the contacting surfaces [e.g., Karner and Marone, 1998; Richardson and Marone, 1999, Karner and . Recently, attention has been focused on the influences of various intrinsic factors, such as mineralogy [Olsen et al., 1998; Saffer et al., 2001] , grain shape, size, size distribution, and surface roughness [Mair and Marone, 2000; Frye and Marone, 2002; Mair et al., 2002] , on shear zone strength and sliding behavior. As an example of these influences, recent investigations have demonstrated that the coefficient of sliding friction for gouge made of spherical glass beads is markedly lower than for angular quartz sand [Mair et al., 2002] .
[5] Laboratory experiments have made significant advances in understanding the effects of gouge on rock friction, but as shown above, the underlying micromechanical processes of these effects remain elusive. Poor understanding of the micromechanics of gouge deformation has obviously impeded the development of the next generation of constitutive laws built upon a micromechanical framework to quantitatively interpret friction data. With laboratory experiments, it is difficult to set up experiments under identical boundary conditions in order to directly correlate variations in gouge friction to variations of extrinsic factors, intrinsic factors, and corresponding deformation mechanisms during simulated gouge deformation. Therefore many important problems related to micromechanics of gouge cannot be fully addressed by current laboratory experiments. For example, outstanding questions include how deformation is partitioned among mechanisms such as grain rolling, sliding, and fracturing, and how deformation mechanisms affect both base level and second-order frictional strength of fault gouge, and evolve with grain size, shape, size distribution, configuration, and microstructure.
[6] Numerical simulations of the frictional behavior of fault zones represent an alternative approach for exploring micromechanisms of shear zone deformation, and offer an outstanding opportunity to extend our knowledge of fault mechanics beyond the domain accessible to laboratory observations Place, 1998, 1999; Morgan and Boettcher, 1999; Morgan, 1999; Place and Mora, 2000] . Unlike many continuum numerical models based on the macroscopic and continuous media in which rheology is assumed in advance (i.e., intrinsic properties are averaged) [Day, 1982; Fukuyama and Madariaga, 1995; Madariaga et al., 1997; Tang, 1997] , the distinct element method (DEM) [Cundall and Strack, 1979] provides a way to study the dynamic behavior of discontinuous granular materials, and therefore fault gouge, as a function of intrinsic variables and contact physics. This technique has been successfully employed to reproduce characteristic shear fracture arrays commonly observed in naturally and experimentally deformed gouges [Morgan and Boettcher, 1999] .
[7] One limitation in many of the recent DEM simulations, however, has been the use of circular gouge grains. Base friction values obtained from two-dimensional (2-D) DEM simulations are about 0.3 [e.g., Morgan, 1999] , significantly lower than the base level friction predicted by Byerlee's law, raising concerns that the simulations represent nonphysical results. Laboratory experiments carried out on real materials with equally simple 2-D geometries, e.g., quartz rods and even pasta, however, have yielded remarkably similar friction data to numerical simulations of 2-D circular particles, thereby confirming the first-order DEM friction values . Further idealized laboratory studies of 3-D spherical particles have demonstrated slightly higher friction values, approaching 0.45, but also show that friction increases with particle angularity [Mair et al., 2002] . These laboratory results serve to validate the DEM simulations, but show that circular particles are too simple to represent real fault gouge. Natural fault gouge is usually composed of angular-shaped grains that are thought to exhibit significantly less grain rolling and more grain interlocking than particle dynamics simulations Place, 1998, 1999; Morgan and Boettcher, 1999; Mair et al., 2002] . Here, we further our understanding of the role of particle angularity on the firstorder friction value by considering irregularly shaped grains with different abundances within simulated fault gouge.
[8] Laboratory experiments on angular sand also show that s n plays an important role in the development of microstructures in fault gouge by controlling the active deformation mechanisms, i.e., rolling and sliding dominant at nonfracture regime, and fracture and grain size reduction more active at higher normal stresses [Mair et al., 2002] . The results suggest that active deformation mechanisms are not only dependent on grain shape but also on s n . Therefore s n may also lead to additional variations of friction. In fact, second-order effects on friction associated with variations in s n have been shown to produce a decreasing trend in friction observed in many laboratory experiments [e.g., Maurer, 1965; Murrell, 1965; Byerlee, 1967 Byerlee, , 1968 Handin, 1969; Jaeger, 1970; Edmond and Murrell, 1971; Saffer et al., 2001; Saffer and Marone, 2003 ], but the dependency of friction on s n has not been well studied in previous numerical simulations on rock friction. As it is often difficult to conduct laboratory experiments under the exact same conditions to examine the effect of a single variable on the variation of rock friction, numerical experiments can provide a better understanding of effect of s n on active deformation mechanisms and friction.
[9] In order to study the variation of frictional strength and dynamic behavior of fault zones as a result of changing grain shape and s n , we carry out DEM simulations using grains constituted of bonded circular particles under a range of normal stresses from 5 to 100 MPa. In this way, arbitrarily shaped grains can be generated to reproduce more realistic fault gouge morphology, and we can quantify the effects of gouge grain shape and s n on the friction of simulated granular assemblages. Simulations are carried out in 2-D for comparison with previous modeling studies. The results show that angular grain assemblages are stronger than rounded grain assemblages, as observed in laboratory experiments of 3-D materials [Mair et al., 2002] . Frictional strength of simulated granular assemblages increases nonlinearly with decreasing s n , and follows an inverse power law that is identical in form to a theoretical friction law based on Hertzian contact model [Bowden and Tabor, 1964; Jaeger and Cook, 1976; Villaggio, 1979] . The decreasing trend of sliding friction with increasing s n is comparable to recent laboratory observations [Saffer et al., 2001; Saffer and Marone, 2003] . Grain shape irregularity is also observed to affect the strength of granular assemblages. It determines the rate of change in friction by increasing both the coefficient and exponent of the friction law. Our results demonstrate that DEM simulations can appropriately represent the characteristic mechanical behavior of irregular granular gouge, bringing us one step closer to understanding the micromechanics of fault slip and friction.
Experimental Method

The Distinct Element Method
[10] The distinct element method (DEM) [Cundall and Strack, 1979 ] is a numerical technique that was initially proposed as a new tool to investigate the mechanical behavior of assemblies of discs and spheres as analogs of soil, rock, or industrial materials. The principles on which DEM is based have been described very well by others [Cundall and Strack, 1979; Antonellini and Pollard, 1995; Morgan and Boettcher, 1999; Burbidge and Braun, 2002] . It has been shown that this technique is a suitable tool for modeling real granular materials, such as sand and fault gouge [Cundall and Hart, 1992; Morgan and Boettcher, 1999; Morgan, 1999] . Although most DEM simulations were carried out in two dimensions, the technique can be also used to simulate 3-D assemblages at higher computational expense [e.g., Hazzard and Mair, 2003] . Previous DEM simulations have been limited in several ways: lack of grain fracture; use of circular or spherical particles; and lack of evolution of grain shape and size during the simulations. In contrast, in natural systems, highly angular particles undergo pervasive fracture and comminution during faulting and shearing [Sammis et al., 1987; Marone and Scholz, 1989; Mair et al., 2002] . Ultimately, these limitations need to be overcome in order to simulate the shear zone deformation in a more realistic way.
[11] As a first step, we examine role of grain shape on base level friction of granular shear zones maintaining 2-D geometry for computational efficiency. In order to build angular grains, we introduce interparticle bonds. Various numerical models [Zubelwicz and Bazant, 1987; Plesha and Aifantis, 1983; Trent, 1987; Iwashita and Hakuno, 1990; Bruno and Nelson, 1991; Bojtár and Bagi, 1993; Donzé and Magnier, 1995; Jirásek and Baant, 1995] have been proposed to simulate breakable interparticle bonds and grain fracture. Here, we have incorporated a linear elastic particle bond model into DEM for the purpose of generating arbitrary-shaped grains in this paper, and eventually, for simulating fracture during granular shear (e.g., Y. Guo and J. K. Morgan, manuscript in preparation, 2004) . The method builds on a bond model used in the Particle Flow Code in 2-Dimensions [Itasca Consulting Group, 1999] with some necessary modifications as described below.
[12] In our model, two bonded particles are assigned a zero separation when the bond is formed, defining a zero force configuration. Dynamically, the bond between particles behaves as two elastic springs (normal and shear) (Figures 1a and 1b) and an elastic beam (Figure 1c) . The normal spring, with normal stiffness k n , produces and transmits a restoring normal force (both tensile and compressive). The shear spring, with shear stiffness k s , produces and transmits a restoring shear force. The beam transmits a moment if a relative rotation occurs between the two bonded particles. The interparticle bonds are assumed to deform in a linear elastic manner within a predefined failure criterion for each mode, as the bonded particles are displaced and rotated from their equilibrium positions. Forces and moment within the elastic bond are proportional to bond stiffness and bond cross-sectional area and therefore can be calculated from the known displacements by where F n , F s , and M are the normal force, shear force, and moment within the bond, respectively; D n , D s , and Q are the relative normal, shear, and angular displacements at the particle contact, respectively. Both the cross-sectional area of the bond, A, defined at bond formation, and the moment of inertia of the bond cross section, I, are a function of the effective radius of the bond cross section R and are defined as
R is determined by the radius of two contact particles R 1 and R 2 and given by
[13] By assuming that tensile normal force is positive, the normal stress (both tensile and compressive) and shear stress acting on the bond can be defined as
[14] For the case of unbonded particles in contact, contact force is described using the nonlinear Hertz-Mindlin contact model [Mindlin and Deresiewicz, 1953; Johnson, 1985] 
where G is the shear modulus and n is Poisson's ratio (Table 1) .
Experimental Design
[15] The major purpose of this paper is to examine the influence of s n and grain shape on the sliding friction of sheared granular assemblages. In order to study the effect of grain shape on sliding friction, we generated five different grain assemblages by proportionally distributing two different types of grains: rounded grains composed of seven close-packed circular particles of equal size, and triangular grains composed of six close-packed circular particles of equal size (Figure 2b ). The grain assemblages contained different percentages of triangular grains, i.e., 0%, 25%, 50%, 75%, or 100%, defined by grain abundance. Four different grain sizes were created by bonding particles of four different radii, given as 100, 117.6, 138.4, and 162.8 mm. As grain size distribution during shear zone deformation evolves through cataclasis toward a power law distribution [Sammis et al., 1986 [Sammis et al., , 1987 , the relative abundances of four different sized grains satisfy this law. The power law is defined with a fractal dimension D and given by the following relationship [Turcotte, 1986; Sammis et al., 1986 Sammis et al., , 1987 Morgan and Boettcher, 1999] :
where N i and N 0 are numbers of grains with a radius equal to R i and R 0 , respectively (Table 1) . The value of D in our assemblages is held constant at 0.51.
[16] A reference circular particle assemblage with D value of 0.51 ( Figure 2a ) was created by randomly arranging a predetermined number of circular particles of four sizes within the domain with periodic boundaries that were moved inward until the isotropic mean stress was attained. There are about 16 particles in a vertical column of the circular particle assemblage. The initial grain assemblage ( Figure 2b ) was created by proportionally replacing circular particles of same size with rounded and/or triangular grains between two rough-surfaced walls. Only rounded grains are used within the walls so that wall surface roughness is the same for all grain assemblages. By maintaining constant wall surface roughness, initial grain configuration (i.e., positions), and grain size distribution for all the experiments, we can isolate the specific effects of grain angularity and normal stress. Before the start of the experiment, the granular assemblage was compacted by shifting the top wall back and forth under the applied experimental normal stress until the equilibrium stress and porosity (Table 2) were reached. The granular assemblage was then deformed by moving the upper wall at constant velocity to the right, while keeping the lower wall fixed. The constant wall Depend on normal stress and grain shape. b S represents the degree of grain angularity quantified by the percentage of the triangular grains. For convenience, we use T100, T075, T050, T025, and T000 to represent five granular assemblages, respectively. T represents triangular grain and the number behind it is the percentage of the triangular grains. velocity condition equates to infinite wall stiffness, precluding velocity variations associated with the stick-slip deformation. Data on grain displacements and interactions were recorded after each 2% shear strain increment.
[17] For the purpose of investigating the variation of sliding friction due to s n and grain shape, the DEM experiments for each of the five grain assemblages with different grain shape characteristics were carried out under identical boundary conditions (i.e., wall surface roughness and strain rate are the same for all experiments) over a range of normal stresses, i.e., 5, 25, 50, 75, and 100 MPa. For comparison, we also carried out a similar suite of numerical experiments using unbonded, circular particles with the same size and size distribution as the rounded grains. Parameters for the numerical experiments are listed in Table 1 .
Results
[18] In this study, friction of the granular assemblage is defined as the ratio of shear stress to normal stress, i.e., m = t/s n . As s n is held constant during a given experiment, m serves as a normalized measure of shear stress. The typical friction versus shear strain curve of our numerical experiments is characterized by a peak friction, defined as m peak , reached within the first 40% shear strain and followed by a gradual decrease over about 10% shear strain. Friction then fluctuates about a residual value, Figure 2 . Experimental design. (a) Initial reference assemblage of circular particles with D value of 0.51, created by randomly arranging a predetermined number of circular particles of four sizes within the domain with periodic boundaries. Boundaries were moved inward until equilibrium isotropic mean stress was attained. (b) Initial grain assemblage created by replacing circular particles of same size with rounded and/or triangular grains in certain proportions. Rounded grains define two rough-surfaced walls for all grain assemblages. Normal stress was maintained at a constant value throughout each experiment. Deformation was induced by moving top wall to the right at a constant velocity, v, and keeping bottom wall fixed. Shaded vertical and horizontal columns are strain markers. (Figure 3 ). The fluctuations in friction arise from stress averaging over the small number of particles in the assemblage, as well as heterogeneous interactions along the irregular shear zone walls. The amplitude of friction fluctuations generally decreases with increasing particle abundance [e.g., Morgan, 1999] , approaching the smooth friction trends observed in laboratory experiments in the absence of stick-slip behavior [e.g., Mair et al., 2002] . Since all of the sheared assemblages begin to slide steadily by 60% shear strain, we refer to the friction after 60% strain increments as sliding friction in order to distinguish from m peak . Maximum sliding friction m max , representative of the shear strength of the assemblage, is calculated as the sum of m mean and its standard deviation. Data on frictional and micromechanical properties of the granular assemblage were recorded at every 2% shear strain. Again, only the data after 60% shear strain were used for the analysis of variation m max and micromechanical properties of granular assemblage. The rounded grain and circular particle assemblages show similar frictional strength and behavior. However, m peak and magnitude of fluctuations of the rounded grain assemblage are slightly higher than these of the circular particle assemblage. Variations of friction for both assemblages are similar in form and magnitude to the laboratory experiments on 2-D pasta and quartz rods . The triangular grain assemblage is markedly stronger than the other two assemblages, reaching m peak at 2.8 and m max at 1.49. Variations of friction with shear strain are characterized by longer-period and greater magnitude saw-tooth fluctuations than the rounded grain assemblage, a result of the greater irregularity of particles. For high s n (100 MPa) experiments (Figure 3b ), friction curves of the rounded grain and circular particle assemblages match each other very well in terms of peak friction and variations in friction with shear strain. The triangular grain assemblage again exhibits higher friction values and large fluctuations in friction compared with the others, but significantly lower than observed at 5 MPa. The results show that both grain shape and s n have significant effects on the magnitude of m max . At low s n , m max of the rounded grain assemblage is about 0.49, close to results of laboratory experiments conducted on 3-D glass beads under similar conditions [Mair et al., 2002] , and decreases to 0.26 when s n increases to 100 MPa. The value of m max for the triangular grain assemblage also decreases with increasing s n from 1.49 at 5 MPa to 0.41 at 100 MPa (Table 3) . Therefore the effect of grain shape on friction becomes more significant as s n decreases.
Effects of S
[20] The variation of sliding friction with both s n and grain shape was rigorously quantified by carrying out a series of numerical experiments under a wide range of normal stresses. Specifically, five numerical experiments were conducted at each normal stress by systematically changing the proportion of triangular and rounded grains to constrain the effects of grain shape. Values of m max are listed in Table 3 . For each grain assemblage, m max decreases nonlinearly with increasing s n . At each normal stress, m max decreases with decreasing proportion of triangular grains. These relationships hold true for all five grain assemblages of different grain shape compositions under all applied experimental stresses. Decreasing trend of m max with increasing s n is also observed for circular particle assemblage but with a lower decreasing rate compared to the grain assemblages. The final results are well fit by inverse power law relationships between m max and s n (Figure 4) , and can be expressed by
Best fit values of coefficient a and exponent b are listed in Table 4 . Both of them tend to increase with increasing gouge angularity.
Effects of S n and Grain Shape on Micromechanical Behavior of Granular Assemblages
[21] Grain assemblages deformed under low s n of 5 MPa develop narrow, and high-porosity zones of shear parallel and close to the top wall. Both the gradient of grain Figure 4 . Maximum sliding friction as a function of normal stress for circular particle assemblage and five grain assemblages with different grain shape compositions. The decreasing trends of maximum sliding friction are fitted by inverse power law relationships.
shear displacement (i.e., calculated as the directional derivative of the horizontal grain displacement [e.g., Morgan and Boettcher, 1999] ), and the distortion of the initially vertical strain marker, denoted by the shaded column of grains (Figures 5b and 5c) show that grain displacement is restricted to this band. At this low s n , short-range grain bridges develop readily, supporting the load of the wall (Figures 5a, 5b , and 5c). This leads to high dilation and formation of high pore space near the top wall in all assemblages. Despite the localized shearing, rotating grains are uniformly distributed across the upper half of the rounded grain assemblage (Figure 5b ), whereas rotating grains in the triangular grain assemblage are clustered along poorly developed high-angle shear bands (Figure 5c ).
[22] In contrast, at high normal stress of 100 MPa, deformation is more distributed throughout the whole domain, and characterized by relative homogeneous pore space and short-lived grain bridges that extend across the domain (Figures 5e and 5f ). The high dilation of the assemblage near the top wall at the normal stress of 5 MPa is not observed. The greatest displacements still occur close to the top wall; grains also show the highest rotations in this region. In the rounded grain assemblage, there are a few nonrotating grains close to the bottom wall, while rotating grains are uniformly distributed in the triangular grain assemblage (Figures 5d and 5e ). The most distinct differences in deformation state between circular particle assemblage and triangular and rounded grain assemblages are that the circular particle assemblage shows less dilation, lower-porosity, lower abundance of rotating particles, and higher degree of localization (Figures 5a and 5d) .
[23] A full understanding of how s n and grain shape affect m max requires a more complete knowledge of how these factors affect the micromechanical properties of granular assemblages. Statistics on grain rotations, contact sliding, coordination number, and contact force after 60% shear strain demonstrate that s n and grain shape have significant influences on these micromechanical properties.
Grain Rotation
[24] The average percentage of rotating grains of each grain assemblage is plotted against s n in Figure 6a . The percentage of rotating grains increases with increasing proportion of triangular grains and also with s n , except for the rounded grain assemblage. The percentage of rotating grains in the rounded grain assemblage decreases from 74% to 70% with an increase of s n from 5 to 25 MPa. Further increase of s n does not significantly change the number of rotating grains in the rounded grain assemblage; this value remains around 70%. The rotational tendency of triangular grains is more sensitive to s n , but in the opposite sense. The percentage of rotating grains in triangular grain assemblages increases nonlinearly with increasing s n , from 40% at 5 MPa to 91% at 100 MPa. As the percentage of rotating rounded grains changes little with s n , this quantity must be mainly controlled by the proportion of triangular grains in assemblages of multiple shaped grains. The percentage of rotating particle in the circular particle assemblage is much lower than the rounded grain assemblage, especially at normal stress of 5MPa, and decreases with increasing s n at normal stresses higher than 25 MPa.
[25] The variations in the average angle of grain rotation with s n and grain shape (Figure 6b) show a similar pattern as noted for the percentage of rotating grains. The mean angle of grain rotation does not change significantly with s n for the rounded grain assemblage. By comparison, the mean angle of grain rotation in the triangular grain assemblage is lower than that for the rounded grain assemblage at normal stress of 5 MPa, but increases nonlinearly with increasing s n . Just as observed with the percentage of rotating grains, a transition occurs at normal stress of 25 MPa. The variations in the mean angle of grain rotation of the other assemblages reflects the combined trends in rotational behavior of the rounded grain and triangular grain assemblages, dependent on the relative abundance of triangular grains (Figure 6b ). The mean angle of particle rotation in the circular particle assemblage is smaller than in the rounded grains assemblage and decreases with increasing s n .
Contact Sliding
[26] Grain shape has a more significant influence on the percentage of sliding contacts than does s n (Figure 7 ). Yet, the percentage of sliding contacts within all of the grain assemblages does not change as dramatically with s n and grain shape as does the percentage of rotating grains. Contacts between triangular grains have a much greater tendency to slide than those between rounded grains. On average, about 15% of the grain contacts slide over each time step in the triangular grain assemblage, whereas only 9% slide in the rounded grain assemblage. The average percentage of sliding contacts in the triangular grain assemblage increases about 1% with increase of s n from 5 to 25 MPa, but then shows little change with further increase in s n (leveling off at about 15.5%). The percentage of sliding contacts in the rounded grain assemblage decreases steadily from 10.3% to 7.5% as s n increases from 5 to 100 MPa. The percentages of sliding contacts of the other grain assemblages decrease with increasing abundance of rounded grains and s n . This trend is consistent with variations of sliding contacts in the triangular and rounded grain assemblages. The circular particle assemblage exhibits the similar decreasing trend in the percentage of sliding contacts with increasing s n , but less abundance of sliding contact at each normal stress compared to the rounded grain assemblage.
Coordination Number
[27] A plot of average number of contacts per grain, i.e., coordination number, reveals that grain shape strongly influences grain connectivity (Figure 8 ). Coordination number increases proportionally with increasing abundance of rounded grains. At the same normal stress, coordination number in the rounded grain assemblages is about 20% higher than in the triangular grain assemblages. Variations in coordination number of the other grain assemblages also follow similar trends, i.e., a 25% increment of rounded grains results in about 5% increment in coordination number. Coordination numbers of all the grain assemblages increase with increasing s n , in a very similar pattern: the rate of change in coordination number decreases with increasing s n , and coordination number increases about by a factor of 1.6 as s n increases from 5 to 100 MPa. Coordination number of the circular particle assemblage also shows an increasing trend with increasing s n . It is greater than that of the rounded grain assemblage at normal stresses lower than 50 MPa, but becomes slightly smaller at higher normal stresses.
Contact Force
[28] At a given s n , the average contact force increases with increasing the abundance of triangular grains. The contact force of the rounded grain assemblage is about 40% lower than that of the triangular grain assemblage at 5 MPa, but only 25% at 100 MPa, even though the absolute difference between the average contact forces increases by more than five times as s n increases from 5 to 100 MPa. To study the effect of both s n and grain angularity on the variation of contact force, the average contact force of each assemblage at a given s n is normalized by the average contact force of that assemblage at normal stress of 100 MPa. A plot of normalized average contact force for each assemblage (Figure 9 ) demonstrates a nearly linear relationship between s n and contact force for all of the assemblages. The normalized average contact forces increase with increasing s n , and their rates of increase are similar and show little dependence on the proportion of rounded and triangular grains (Figure 9 ).
Volume of Assemblage
[29] Volume changes with increasing s n are markedly different for the rounded and triangular grain assemblages. The average volume of each grain assemblage at a given s n is normalized by the average volume of that assemblage at normal stress of 5 MPa. In this way, we can document the effects of s n on dilation. The normalized volume of the triangular grain assemblage decreases more rapidly than for the rounded grain assemblage with increasing s n (Figure 10) . The normalized volumes of the mixed rounded and triangular grain assemblages at each normal stress are similar to each other in magnitude, and intermediate to those of the rounded and triangular grain assemblages. The normalized volume of the 75% triangular grain assemblage, which is higher at the normal stress of 25 MPa, decreases Figure 6 . (a) Average percentage of rotating particles or grains for circular particle assemblage and fivegrain assemblages of different grain shape composition plotted against normal stress. (b) Average angle of rotation for same assemblages plotted against normal stress. All but the circular particle and rounded grain assemblages show increasing percentage of rotating grains and average angle of rotation with increasing normal stress. Rotation also increases with increasing abundance of triangular grains at normal stresses higher than 5 MPa. more rapidly than the 25% triangular grain assemblage with increasing s n . The normalized volume of the assemblage of equal abundance of rounded and triangular grains lies between them. The normalized volume of the circular particle assemblage tends to decrease at a slightly higher rate than the rounded grain assemblage.
Discussion
Maximum Sliding Friction
[30] Variation in friction of faults during sliding is a fundamental factor influencing the generation of earthquakes. Byerlee's law defines a linear relationship between shear and normal stress, which presumes a constant friction coefficient under normal stress less than 200 MPa [Byerlee, 1978] . This linear friction law can be used to estimate the mean strength of natural faults. However, it neglects important second-order variations in friction that may govern fault behavior. Results of our DEM simulations demonstrate a first-order dependence of friction on grain angularity, as well as a second-order dependence on s n captured by equation (12), both of which may contribute to the slip behavior responsible for unstable sliding that leads to earthquakes.
[31] Several investigators have reported nonlinear friction laws similar to equation (12) that show s n dependence, providing a theoretical basis for our interpretation of the simulated friction data [Bowden and Tabor, 1964; Jaeger and Cook, 1976; Villaggio, 1979] . If surface deformation occurs entirely by the mechanism of elastic yielding Figure 7 . Average percentage of sliding contacts for five granular assemblages of different grain shape composition and one circular particle assemblage plotted against normal stress. The percentages of sliding contacts of all the granular assemblages decrease with decreasing gouge grain angularity and normal stress at normal stress higher than 25 MPa. Figure 8 . Average coordination number for circular particle assemblage and five-grain assemblages of different grain shape composition plotted against normal stress. Coordination numbers of all assemblages increase with decreasing grain angularity and increasing normal stress. of asperities, the area of contact A is proportional to f n 2/3 according to Hertzian contact law [Mindlin and Deresiewicz, 1953; Johnson, 1985] A ¼ kf
where f n is normal force and k is a constant related to elastic and geometrical properties of the materials. Shear force f s can be expressed as
where s is the shear strength of materials. Therefore friction is given by
For example, friction of a diamond stylus sliding on a surface of diamond was found to follow the above friction law [Bowden and Tabor, 1964] .
[32] The value for m max observed in our numerical experiments also shows an inverse power law relationship with s n (Figure 4) . As contact forces in our simulations are calculated using the nonlinear Hertz-Mindlin contact model, our results are consistent with the above theoretical friction law. We obtain a range of power law exponents b, spanning from 0.21 to 0.40 (Table 4) , which bracket the theoretical exponent of 1/3 (equation (15)). The variations in numerical values are systematic, however, indicating a strong dependence of grain shape. The exponent b is observed to increase with increasing proportion of triangular grains. This relationship suggests that the presence of nonspherical grains changes the relationship between contact force and contact area. We propose therefore that the exponent b is Figure 9 . Average contact force for circular particle assemblage and five-grain assemblages of different grain shape composition plotted against normal stress. The average contact force is normalized by the maximum average contact force of that assemblage at 100 MPa. Normalized average contact forces increase with increasing normal stress, and their increasing rates are similar and show little dependency on the grain angularity. Figure 10 . Average volume for circular particle assemblage and five-grain assemblages of different grain shape composition plotted against normal stress. Volume of each assemblage is normalized by the average volume of that assemblage at 5 MPa. Normalized average volumes decrease with increasing normal stress, and their decreasing rates increase with increasing grain angularity. also a function of grain shape. For the same reason, the constant k also appears to change with normal force in our simulations. To summarize the effect of grain shape on m max , we derive the following friction law based on the best fit values of coefficient a and exponent b in Table 4 .
where S is the proportion of triangular grains in range of 0 to 100%. This friction law encapsulates the dual dependence of m max on both s n and grain shape. It shows that m max decreases with increasing s n in a power form, and grain shape determines rate of change by increasing both the coefficient and exponent of the friction law.
[33] The decreasing trend of rock friction with increasing s n has been observed in many laboratory experiments conducted under a wide range of normal stresses [e.g., Maurer, 1965; Murrell, 1965; Byerlee, 1967 Byerlee, , 1968 Handin, 1969; Jaeger, 1970; Edmond and Murrell, 1971; Saffer et al., 2001; Saffer and Marone, 2003] . In particular, Saffer and Marone [2003] reported on the coefficient of sliding friction of a series of direct shear experiments conducted on gouge materials of different compositions, i.e., quartz, smectite powder, smectite-quartz mixtures, and natural illite shale over a range of normal stresses from 5 to 150 MPa. Their results also show a strong second-order dependency of sliding friction on s n for all the gouge materials, in an inverse power form (Figure 11 ). For the direct comparison between experimental observations and the numerical friction law (equation (16)), we plot equation (16) in Figure 11 for a fault gouge composed of 50% triangular grains and 50% rounded grains. Therefore a value of 0.5 is assigned to the parameter S, and the coefficient and exponent of the numerical friction law are 1.81 and 0.35, respectively. The decreasing trend of sliding friction predicted by the numerical friction law is comparable in form to those of smectite and smectite-quartz mixture, and yields predicted sliding friction values close to these of quartz and illite.
[34] Compared to the best fit values of coefficients and exponents for numerical sliding friction (Table 4) , the best fit coefficients for the experimental data fall into a narrower range from 0.83 to 1.14, while the best fit exponents define a wider range from 0.08 to 0.54 (Table 5 ). Clearly, both the exponent and coefficient vary as a function of clay mineral abundance and composition, introducing first-order variation in experimental sliding friction that we have not simulated. No specific data are available to examine the role of grain shape in the variation of these parameters, or to make direct comparisons between numerical and experimental results of the first-order effect of grain angularity. However, alignment of platy clay minerals is suggested to be a key factor controlling the strength of clay-rich gouges [Lupini et al., 1981; Chester and Logan, 1987; Saffer et al., 2001; Saffer and Marone, 2003] . Therefore variations in the best fit coefficient and exponent for the experimental sliding friction, particularly at low stresses, may be a function of preferred clay grain orientation.
[35] The first-order variations of friction due to grain angularity observed in our numerical simulations are consistent with the observations made from laboratory experiments [Mair et al., 2002] . Out data also show the second-order dependency of friction on s n comparable to the recent laboratory results [Saffer et al., 2001; Saffer and Marone, 2003] . Both effects of s n and grain angularity on friction can be defined by an inverse Figure 11 . Comparison between experimental sliding friction [from Saffer and Marone, 2003 ] and sliding friction predicted by the numerical friction law (equation (16)). The decreasing trends of experimental sliding frictions are fitted in an inverse power law form. Equation (16) is plotted by assuming that fault gouge is composed of 50% triangular grains and 50% rounded grains, i.e., S = 0.5.
power law (equation (16)) that is identical in form to the theoretical friction law derived from Hertzian contact model (equation (15)).
Underlying Micromechanisms
[36] The results of our numerical experiments demonstrate that the variation of m max is a response to changes in s n and grain angularity, which in turn affect the micromechanical behavior of granular assemblage. Previous studies on circular particle assemblages suggested that the reduction in m max with increased s n for the circular particle assemblage was due to the tighter grain packing, inhibited contact sliding, and enhanced particle rolling [Morgan, 1999] . Similar effects of s n on micromechanical behavior of granular assemblage are also observed in our simulations. For example, dilation is inhibited at high s n for all the granular assemblages (Figure 10 ). The coordination number also increases with s n (Figure 8 ), whereas percentage of sliding contacts is nearly constant (Figure 7) . Therefore the absolute number of sliding contacts increases with s n . The effects of s n on these properties are apparently small, defining the second-order dependence of friction. Grain angularity may result in more significant variations in micromechanical behavior of the granular assemblage.
[37] Grain shape variations introduce important influences on deformation mechanisms that can affect micromechanical and frictional properties of granular assemblages. At a given s n , the circular particle and rounded grain assemblages achieve a tighter packing than the triangular grain assemblage, as indicated by their lower porosity ( Figure 5 ) and higher coordination number ( Figure 8) ; strain is more frequently localized along several rows of grains parallel to shear direction or along low-angle, oblique shear bands ( Figure 5) ; and deformation is mainly accommodated by grain rolling and sliding, resulting in lower dilation and reduced sliding friction. This observation is consistent with previous studies [Morgan, 1999; Mair et al., 2002] . In contrast, the triangular grain assemblage is characterized by a high abundance of jostling grains, bouncing against, but barely rolling over each other due to grain interlocking; strain tends to be localized along high-angle, oblique shear bands or distributed across the whole domain; deformation is mainly accommodated by grain rotation and sliding, leading to high dilation and increased sliding friction.
[38] Our data also reproduce the first-order dependency of sliding friction on grain angularity that is observed in the laboratory experiments [Mair et al., 2002] . At a normal stress of 100 MPa, m max of the 2-D triangular grain assemblage (0.41) is still significantly lower than typical results of 3-D laboratory experiments (around 0.6) (Figure 4) . The discrepancy may be explained by differences in the abundance of gouge grains, grain size, size distribution, and boundary conditions between numerical and laboratory experiments. We have not investigated these parameters in this study. In addition, laboratory experiments on 2-D glass rods and 3-D glass beads demonstrate that 2-D friction is smaller than 3-D friction due to the lack of out-of-plane particle contacts . Therefore numerical experiments in three dimensions [e.g., Hazzard and Mair, 2003 ] would need to be carried out to verify if low m max is a result of the effect of grain dimensionality on sliding friction.
[39] Enhanced grain rolling among rounded grains has been proposed as an explanation for low macroscopic frictional strength in numerical models Place, 1998, 1999; Morgan, 1999; Mair et al., 2002] . Our results, however, reveal a more complicated picture. The characteristics and importance of active deformation mechanisms are influenced by both s n and grain shape. With the exception of the experiments conducted under low normal stress of 5 MPa, all of the experiments show increased rather than decreased angles of grain rotation, and the greater abundance of rotating grains in assemblages with higher proportions of triangular grains (Figure 6 ). Furthermore, we see increasing angles of grain rotation and percentage of rotating grains with increasing s n and decreasing m max . These differences between laboratory and numerical results may arise from differences in deformation mechanisms. In direct shear experiments on thin layers of angular quartz sand and spherical glass beads [Mair et al., 2002] , normal stress of 5 MPa defines a nondestructive deformation regime (i.e., with little grain comminution), where grain rolling and sliding are dominant deformation mechanisms. Under normal stresses over 20 MPa, grain fracture becomes more important. In our simulations, however, grain fracture was not allowed, so deformation must always be accommodated by grain rolling and sliding. Therefore grain rolling, characterized by enhanced grain rotation but reduced grain translation (i.e., horizontal displacement) may be a more significant deformation mechanism in our highly angular assemblages at high normal stresses. Consequently, the low m max of fault gouge cannot be explained simply by enhanced grain rolling due to grain shape, as previously argued by others Place, 1998, 1999; Morgan, 1999; Mair et al., 2002] .
[40] In real granular shear zones, one of the fundamental observations about fault zones is that damaged wall rocks undergo grain size reduction during cataclastic flow [Sammis et al., 1986 [Sammis et al., , 1987 Scholz, 1990; Blenkinsop, 1991] , and angular rock fragments are progressively rounded by abrasion [Blenkinsop, 1991; Morgan et al., 1996] . Our results have shown the significant effects of grain shape on the frictional behavior of simulated granular shear zone. Therefore continuous changes in grain shape and size during simulation, optimally, due to the natural processes of grain fracture and abrasion, should be included in numerical simulations in order to obtain a comprehensive understanding of dynamics and evolution of natural fault zones. This topic is the subject of a subsequent paper (Y. Guo and J. K. Morgan, manuscript in preparation, 2004) .
Conclusions
[41] DEM simulations of granular shear using irregularly shaped grains composed of bonded particles show that both normal stress, s n and grain shape have significant effects on frictional strength of our simulated granular assemblages. Observed m max decreases with increasing s n in a power law form as predicted by a theoretical friction law derived from the Hertzian contact law. This relationship can be represented by the best fit power equation (equation 16). Grain shape controls the dependence of m max on s n by influencing both the coefficient and exponent of the best fit friction law.
[42] In the absence of grain fracture, the triangular grain assemblage at high normal stresses is characterized by enhanced grain rotation but reduced grain translation compared with the rounded grain assemblage. Grain interlocking is significant, causing grain jostling. higher dilation, more distributed deformation, and higher m max . Enhanced grain rolling does reduce the macroscopic frictional strength of our simulated granular assemblages, however, grain rolling cannot adequately explain the low m max values of the triangular grain assemblage observed at normal stress of 100MPa.
